The coordination and spin-state of the Corynebacterium diphtheriae heme oxygenase (Hmu O) and the proximal Hmu O H20A mutant have been characterized by UV-visible and resonance Raman (RR) spectrophotometry. At neutral pH the ferric heme-Hmu O complex is a mixture of six-coordinate high spin and six-coordinate low spin species. Changes in the UV-visible and high frequency RR spectra are observed as a function of pH and temperature, with the six-coordinate high spin species being converted to six-coordinate low spin. The low frequency region of the ferrous RR spectrum identified the proximal ligand to the heme as a neutral imidazole with a Fe-His stretching mode at 222 cm ؊1 . The RR characterization of the heme-CO complex in wt-Hmu O confirms that the proximal imidazole is neither ionized or strongly hydrogen-bonded. Based on sequence identity with the mammalian enzymes the proximal ligand in HO-1 (His-25) and HO-2 (His-45) is conserved (His-20) in the bacterial enzyme. Site-specific mutagenesis identified His-20 as the proximal mutant based on electronic and resonance Raman spectrophotometric analysis. Titration of the heme-Hmu O complex with imidazole restored full catalytic activity to the enzyme, and the coordination of imidazole to the heme was confirmed by RR. However, in the absence of imidazole, the H20A Hmu O mutant was found to catalyze the initial ␣-meso-hydroxylation of the heme. The product of the aerobic reaction was determined to be ferrous verdoheme. Hydrolytic conversion of the verdoheme product to biliverdin concluded that oxidative cleavage of the porphyrin macrocycle was specific for the ␣-mesocarbon. The present data show that, in marked contrast to the human HO-1, the proximal ligand is not essential for the initial ␣-meso-hydroxylation of heme in the C. diphtheriae heme oxygenase-catalyzed reaction.
throughout the body (1, 2) . Although the diphtheria toxin itself has been well studied at both the genetic and biochemical level, little is known of the molecular mechanisms involved in pathogenesis and infection (3, 4) . The diphtheria toxin, the product of the tox gene, has been shown to be under transcriptional control of the iron-dependent diptheria toxin repressor (5, 6) .
Iron is an essential nutrient required by most bacteria for survival and for their ability to cause disease (7) . The levels of extracellular iron available within the host are limited, with most of the free iron being complexed to high affinity binding proteins such as transferrin or intracellularly in the erythrocytes as heme (7, 8) . To circumvent the low availability of iron, pathogens have developed sophisticated mechanisms to utilize the host's iron-and heme 1 -containing proteins. A number of Gram-negative pathogens such as Shigella dysenteriae, Vibrio cholerae, and Yersiniae enterocolitica have developed iron-dependent outer membrane receptors specific for heme (9 -11) . Heme is transported through such receptors via a TonB-mediated gated pore mechanism (12, 13) . Once localized in the periplasm, heme is bound to a periplasmic binding protein, which acts as a soluble receptor for the cytoplasmic ATP binding transporter (14) . It was proposed that these bacteria contained a heme oxygenase activity required for iron release from the heme. However, proteins with a heme degrading activity or sequence homology with known heme oxygenases have not been identified in the Gram-negative pathogens.
In contrast, the iron-regulated hmuO gene identified in C. diphtheriae, which is expressed under iron-limiting conditions, showed extensive homology with the human heme oxygenase protein (15) . We have previously reported the expression and purification of Hmu O and determined its function to be that of a heme oxygenase (16) . This is the first report of a heme degrading activity in any bacterial pathogen to date. Heme oxygenase is the rate-limiting enzyme in heme degradation and catalyzes the NADPH cytochrome P450 reductase-dependent cleavage of heme to biliverdin with the release of iron and carbon monoxide (Scheme 1) (17) . The role of Hmu O in C. diphtheriae is to oxidatively cleave the heme macrocycle, releasing the iron for subsequent use by the invading pathogen.
In the present paper we describe the characterization of the Hmu O proximal mutant H20A and show that, in contrast to the human heme oxygenase (HO-1), the proximal ligand is not * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
§ To whom correspondence should be addressed: required for the initial hydroxylation reaction in the conversion of heme to ␣-meso-hydroxyheme by Hmu O.
EXPERIMENTAL PROCEDURES
General Methods-Plasmid purification, subcloning, and bacterial transformations were carried out as described previously (18) . Deionized, doubly distilled water was used for all experiments. Oligonucleotides were synthesized at the Biopolymer Laboratory at the University of Maryland, Baltimore, MD. All absorption spectra of the heme-Hmu O complex were recorded on a Carey Varian 1E UV spectrophotometer.
Bacterial Strains-Escherichia coli strain DH 5␣ [F', ara D(lacproAB) rpsL (80dlacZDM15 hsd R17) was used for DNA manipulation and E. coli strain BL21 (DE3) pLysS (F Ϫ ompT hsdS B (r B Ϫ mB Ϫ ) gal dcm (DE3)) was used for expression of the heme oxygenase.
Construction of the Expression Vector pEHmu O-The Hmu O gene encoding the heme oygenase was amplified by polymerase chain reaction from the plasmid pTH793 containing a 0.65-kilobase pair insert encoding the 25-kDa heme oxygenase protein as described previously (16) .
Mutagenesis of pEHmu O-Mutagenesis was carried out using the Quick-Change mutagenesis kit from Stratagene. The oligonucleotides encoding the mutation were as follows for the sense (5Ј-ACCGCACAA-GCAGCTGAAAAAGCTGAG-3Ј) and antisense (5Ј-GGAGTGCTCAGC-TTTTTCAGCTGCTTGTGCGGTGGACTG-3Ј) strands. The polymerase chain reaction reaction was carried out using the following program; 95°C for 30 s (1 cycle), 95°C for 30 s, 50°C for 1 min, and 68°C for 8 min (16 cycles). The oligonucleotides were designed so as to encode a new restriction site (PvuII) within the gene, which was used to initially screen colonies for positive mutants. Following identification, mutations were verified by DNA sequencing
Expression and Purification of His-Hmu O-The His-tagged Hmu O proteins (pEHmuO) were expressed and fractionated as described previously (16) . The soluble fraction was applied directly to a nickelnitrilotriacetic acid-agarose (Novagen, Madison, WI) column (1 ϫ 5 ml) previously equilibrated with 20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, and 5 mM imidazole. The column was washed with 10 volumes of equilibration buffer, followed by 10 volumes of wash buffer (20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, and 60 mM imidazole) and the protein eluted in 20 mM Tris-HCl (pH 7.9), 0.25 M NaCl, and 500 mM imidazole. The purified protein was exchanged by dialysis into 20 mM Tris-HCl (pH 7.5).
Reconstitution of Hmu O with Heme-The heme-Hmu O complexes were prepared as follows. Hemin was added to the purified wt-or H20A-Hmu O to give a final 2:1 heme:protein ratio. The sample was applied to a Q-Sepharose (Amersham Pharmacia Biotech) column (1.5 ϫ 6.0 cm) pre-equilibrated with 20 mM Tris-HCl (pH 7.5). The column was then washed with the same buffer (5 volumes) and the protein eluted in the same buffer containing 300 mM NaCl. The fractions containing the heme-H20A Hmu O complex were pooled and dialyzed against 20 mM Tris-HCl (pH 7.5).
Absorption Spectroscopy-The reduced ferrous CO complex was formed by the addition of dithionite to a carbon monoxide saturated solution of the ferric heme-wt-Hmu O or heme-H20A Hmu O complex. The ferrous CO heme-Hmu O complexes were passed through Sephadex G25 to remove the excess reductant and generate the ferrous oxy-hemeHmu O complexes (19) .
Resonance Raman Spectroscopy-Typical enzyme concentrations for RR experiments were ϳ100 M. Microcon 10 ultrafiltration devices (Amicon) were used for buffer and water exchange. A final enrichement of 80 atom % 18 O water (95 atom %, Cambridge Isotope Laboratories) and 95 atom % D water (99.9 atom %, Aldrich). Reduction to the ferrous state was achieved by adding microliter aliquots of a 10 mM sodium dithionite solution to an argon-purged sample in the Raman capillary cell and was monitored by UV-visible spectroscopy in the same cell (20) . 12 CO (CP grade, Air Products) and 13 CO (99% 13 C, Cambridge Isotope Laboratory) adducts were obtained by injecting CO through a septumsealed capillary containing argon-purged, reduced enzyme (ϳ20 l). The heme-Hmu O-H20A complex was exposed to 50 mM imidazole before reduction to obtain the reconstituted enzyme. RR spectra were obtained using a custom McPherson 2061/207 spectrograph (0.67 m) with a Princeton Instruments (LN-1100PB) liquid N 2 -cooled CCD detector. Rayleigh scattering was attenuated with Kaiser Optical supernotch filters. Excitation sources consisted of a Coherent Innova 302 krypton laser (413 nm), an Innova 90 -6 argon laser (514.5 nm), and a Liconix 4240NB helium/cadmium laser (442 nm). Spectra were collected in a 90°scattering geometry on samples at room temperature with a collection time of a few minutes, whereas longer times and a backscattering geometry were used for low temperature experiments.
Frequencies were calibrated relative to indene and CCl 4 standards and are accurate to Ϯ1 cm
Ϫ1
. CCl 4 was also used to check the polarization conditions. The integrity of the Raman samples, before and after laser illumination, was confirmed by direct monitoring of their UV-visible spectra in the Raman capillaries.
Reaction of the Heme-H20A Hmu O Complex with Cytochrome P450 Reductase-The heme-wt-Hmu O or heme-H20A-Hmu O (8 M) had added to it NADPH cytochrome P450 reductase (0.5:1) in a final volume of 1 ml potassium phosphate buffer (pH 7.4). The reaction was initiated by the addition of NADPH in 10 M increments to a final concentration of 100 M. The spectral changes between the wavelengths 300 and 700 nm were recorded over a period of 30 min. Additional NADPH (100 M) was added to each of the assays and the reactions incubated for another 10 min at 37°C, after which the products were extracted for HPLC analysis.
HPLC of the Hmu O Reaction Products-The verdoheme product of the heme-H20A Hmu O complex was hydrolytically converted to biliverdin by the method of Saito and Itano (21) . The resulting biliverdin was extracted into chloroform and reduced to dryness. The residue was resuspended in 5% sulfuric acid in methanol and esterified for 12 h at room temperature (22) . The esters were diluted (4-fold) with distilled water and extracted into chloroform. The sample was dried over sodium sulfate and the chloroform removed under a stream of argon. The products were analyzed on reverse phase HPLC on a ODS-AQ C18 (S-5) (YMC, Inc., Wilmington, NC) column (3.0 ϫ 250 mm) eluted with 85:15 (v/v) methanol:water at a flow rate of 0.4 ml/min (23) . The eluant was monitored at 380 nm and the biliverdin standards eluted in the order ␣ (11.9 min), ␦ (13.9 min), ␤ (14.8 min), and ␥ (18.5 min) (23) .
Following reaction of the imidazole reconstituted heme-H20A Hmu O complex with NADPH reductase, glacial acetic acid (100 l) and 5 N HCl (200 l) were added to the reaction (1 ml) before extracting into chloroform. The organic layer was washed with distilled water (3 ϫ 1 ml) and the chloroform removed under a stream of argon. The biliverdin dimethyl esters were prepared as described above and the products analyzed by HPLC (as above).
Detection of Carbon Monoxide as a Reaction Product-Purified hemewt-Hmu O or heme-H20A Hmu O (15 M), purified NADPH cytochrome P450 reductase (1.5 M), and NADPH (100 M) in a final volume of 1 ml were placed in both the reference and reaction cuvettes and blanked immediately. The reaction cuvette had added to it 50 l of myoglobin (125 M), and the same volume of buffer was added to the reference cuvette. The spectrum was recorded at 2-min intervals between 300 and 600 nm and the transition from 404 to 421 nm monitored.
RESULTS

Expression and Purification of H20A-Hmu O-Purification
of the H20A-Hmu O protein by nickel-nitrilotriacetic acid-agarose yielded a protein with a single band at 25 kDa on SDS-PAGE (Fig. 1, inset, lane 1) . The amount of protein purified from 2 liters of cells, based on a standard protein assay, was 10 mg.
Properties of the Heme-H20A Hmu O Complex-The Soret maximum of the ferric heme-H20A Hmu O complex following the removal of excess heme on Q-Sepharose is at 402 nm (Fig.  1) . Reduction of the ferric heme-H20A Hmu O complex with dithionite under an atmosphere of CO gives a spectrum of a reduced ferrous carbon monoxide complex with a Soret band at 412 nm and ␣/␤ bands at 568 and 538 nm, respectively (Fig. 1) . Following passage of the ferrous carbon monoxide complex through Sephadex G-25, the heme-H20A Hmu O complex appeared to rapidly autoxidize back to the ferric resting state (data not shown). Addition of dithionite under anaerobic conditions gives a ferrous deoxy complex with a Soret at 428 nm (Fig. 1) . In contrast, the values previously reported for the ferric heme-wt-Hmu O complex are 404 nm, with ferrous CO heme-wt-Hmu O having a Soret maximum at 421 nm with the corresponding ␣/␤ bands at 568 and 538 nm (16) .
Resonance Raman Characterization-The high frequency region of the RR spectra of heme-wt-Hmu O obtained with Soret excitation is dependent on temperature and pH (Fig. 2) . At room temperature and neutral pH, the core marker bands 4 , 3 , and 2 , at 1372, 1482, and 1563 cm Ϫ1 , respectively, are characteristic of a hexacoordinate high-spin (6cHS) heme ( Fig.  2A) . At cryogenic temperatures (Fig. 2B ) or alkaline pH (Fig.  2C) , a partial conversion of the hexacoordinate heme from HS to low spin (LS) configuration is evidenced by 3 , 2 , and 10 , at 1505, 1884, and 1640 cm Ϫ1 , respectively. These data are consistent with previous UV-visible and RR characterization of wt-Hmu O (16, 24, 25) .
Solvent-isotope substitutions were performed to assign the spin-state equilibrium to an aqua-hydroxo sixth ligand as in metmyoglobin and in mammalian HO-1. No isotope-sensitive band could be observed at room temperature (data not shown), but at 90 K a band at 551 cm Ϫ1 (Fig. 3A) is downshifted in D 2 O (Fig. 3B ) and in H 2 18 O to 535 (Fig. 3C ) and 530 cm Ϫ1 , respectively. The frequency, isotope shifts, and temperature dependence of the band at 551 cm Ϫ1 are typical of a (Fe-OH) of a 6cLS ferric-hydroxo heme complex (26 -30) .
The RR data presented above portrays a very similar ferricheme binding pocket for wt-Hmu O and the mammalian heme oxygenases (31) (32) (33) .
In contrast to the wild type enzyme, the ferric heme in H20A-Hmu O adopts a penta-coordinate high-spin (5cHS) configuration with 4 , 3 , and 2 , at 1371, 1491, and 1571 cm Ϫ1 , respectively (Fig. 2D) . As previously observed in proximal mutants of HO-1 (34, 35) , the 4 is unusually low in intensity.
In the ferrous state, the wild type enzyme and H20A mutant show high frequency RR spectra characteristic of 5cHS hemes and are capable of binding CO (data not shown). The Fe-CO vibrational modes of the CO complex of reduced wild type and H20A-Hmu O were studied to gain information on the nature of the proximal ligands.
12 C/ 13 C isotopic substitution allows unambiguous identification of these RR modes (Fig. 4) . In the wt-Hmu O spectra, the RR band at 500 cm Ϫ1 (downshifts 4 cm Ϫ1 with 13 CO) is assigned to the Fe-CO and the weak band at 572 cm Ϫ1 (shifts by Ϫ15 cm Ϫ1 upon 13 CO substitution) represents the ␦ Fe-C-O bending mode (Fig. 4, A and B) . The C-O is observed at 1961 cm Ϫ1 with a 12 C/ 13 C dependence of Ϫ45 cm Ϫ1 (Fig. 4, inset) . These frequencies are typical of CO-porphyrins with a neutral histidine as proximal ligand (36) , and are very similar to those previously reported by Chu et al. (24) . In the heme-H20A Hmu O complex, while comparable ␦ Fe-C-O and C-O are observed, the Fe-CO is observed at 28 cm Ϫ1 higher than in the wild type enzyme (Fig. 4, C and D) . The frequencies observed in H20A-Hmu O are characteristic of heme-CO com- plex with a very weak or no proximal ligand (36) . The histidine ligation of ferrous heme in wt-Hmu O can be directly probed via its strong Fe-His stretching mode at 222 cm Ϫ1 (Fig. 5A ). In agreement with the conclusion from the characterization of the heme-CO complex, the frequency of the Fe-His stretch is consistent with a neutral proximal histidine that is only weakly or not hydrogen-bonded as has described previously for myoglobin and mammalian HO-1 (31, 32, 37, 38) . While other vibrations are not significantly changed in the ferrous-heme bound to H20A-Hmu O, the Fe-His stretch is not observed (Fig. 4B) , and it is replaced by a new vibration at 228 cm Ϫ1 upon addition of imidazole (Fig. 4C) . The 228-cm Ϫ1 band is assigned to the (Fe-Im) of the 5cHS imidazole complex of H20A-Hmu O. Indeed, the same frequency was observed in the H25A proximal mutant of human HO-1 after reconstitution with imidazole (34) .
Catalytic Turnover of the Heme-H20A Hmu O Complex to Verdoheme-The ferric heme-H20A Hmu O, in contrast to the human H25A HO-1 proximal mutant, is capable of carrying out the initial NADPH dependent hydroxylation of heme to ␣-mesohydroxyheme (Scheme 1, step 1). In the presence of oxygen, the meso-hydroxyheme product is rapidly converted to verdoheme (Scheme 1, step 2). The heme-H20A Hmu O complex proceeded with the formation of a transient ferrous dioxygen complex with a drop and shift in the Soret band from 402 to 403 nm, an isosbestic point at 425 nm, and the appearance of ␣/␤ bands at 574 and 534 nm, respectively (Fig. 6A) . The decrease in the ␣/␤ bands corresponded to an increase in a band at 612 nm together with a loss of feature in the 650 -900 nm region. Bubbling the reaction with CO shifted the Soret to 408 nm and an increase in intensity of the band at 612 nm (data not shown).
Addition of pyridine (final concentration of 20%) to this complex gives a spectrum characteristic of a bis-pyridine (Fe 2ϩ ) verdoheme complex, with a characteristic visible band at 650 nm (data not shown). Extraction of the product in chloroform gives a spectrum typical of the pyridine hemochrome of verdoheme (Fig. 6B) (39) .
The regiospecificity of the initial hydroxylation was deter- mined following non-enzymatic conversion of the verdoheme product to biliverdin. Verdoheme was converted to biliverdin by hydrolysis in a potassium hydroxide-methanol solution. Biliverdin was esterified and analyzed by HPLC. The resultant HPLC chromatogram for the NADPH dependant reaction gave a major peak with a retention time identical to that of authentic biliverdin IX␣ with a small amount of the ␤, ␦, and ␥ isomers (Ͻ5%) (data not shown).
Detection of Carbon Monoxide as a Reaction Product-Difference absorption spectroscopy in the presence of myoglobin was used to determine whether carbon monoxide is generated as a product of oxidative cleavage of the heme by the H20A Hmu O mutant. The myoglobin Soret band was monitored at 1-min intervals, and as for the wild type enzyme (Fig. 7A) , the Soret shifted from 408 nm to 421 nm with the appearance of ␣/␤ bands at 568 and 538 nm, respectively (Fig. 7B) . The complete conversion of ferric myoglobin to the ferrous carbon monoxide complex indicated that carbon monoxide was generated in parallel with verdoheme formation (Scheme 1, step 2) .
Catalytic Conversion of Heme to Biliverdin in the H20A Mutant on Titration with Imidazole-Titration of the heme-H20A Hmu O complex with imidazole (1:2000) shifted the Soret from 402 nm to 404 nm (Fig. 8A) . Following addition of NADPH and cytochrome P450 reductase the Soret shifted from 404 nm to 410 nm with the appearance of ␣/␤ bands at 580 and 540 nm, respectively. As the reaction proceeded the Soret at 410 nm decreased and shifted back toward 400 nm, which was accompanied by a corresponding decrease in the ␣/␤ bands and increase in the 680 nm absorbance, indicative of biliverdin formation (Scheme 1).
Acidification and extraction of the product in chloroform gave a spectrum typical of biliverdin IX␣ (Fig. 8B) . HPLC analysis of the product gave a single peak in the HPLC chromatogram corresponding to biliverdin IX␣ (data not shown). The titration of the heme-H20A Hmu O complex with imidazole rescues the H20A Hmu O mutant's ability to catalyze the conversion of verdoheme to biliverdin (Scheme 1, step 3).
DISCUSSION
The electronic absorption and resonance Raman data presented above provide evidence that the heme-Hmu O complex is coordinated by a proximal histidine. The low frequency value of 222 cm Ϫ1 is consistent with a neutral imidazole as the proximal ligand and is in close agreement with the value recently reported for the recombinant Hmu O (24) and the mammalian heme oxygenases (29, 32) . The value is also similar to that previously reported for sperm whale myoglobin (221 cm Ϫ1 ), in which the proximal histidine is only weakly hydrogen-bonded (37) .
The ferric heme-Hmu O complex exists as a 6cHS and 6cLS species, with conversion from HS to LS on increasing pH and at cryogenic temperatures. Utilizing isotopic labeling studies, we have demonstrated by RR spectroscopy that the sixth ligand is a hydroxo group as has previously been reported for the mammalian heme oxygenases (29, 32) .
The conserved proximal histidine (His-20) in Hmu O corresponding to His-25 in HO-1 and His-45 in HO-2 was confirmed as the proximal ligand by site-directed mutagenesis studies. The electronic absorption spectra of the ferric, ferrous, and ferrous-CO heme-H20A Hmu O complex have Soret maxima at 402, 428, and 414 nm, respectively (Fig. 1) . These values are outside the range normally observed for a proximal histidine ligated protein, indicating a change in the heme coordination. The loss of the proximal ligand in the heme-H20A Hmu O complex was confirmed by the disappearance of the 222 cm
Ϫ1
Fe-His stretching mode in the low frequency region of the RR spectrum. Moreover, the RR characterization of the heme-CO complex in H20A Hmu O clearly demonstrates the absence of any strong proximal ligand. On addition of exogenous imidazole the electronic absorption spectrum of the reconstituted heme-H20A Hmu O complex closely resembles that of the wild type protein (Fig. 6) . Coordination of the imidazole was verified by the reappearance of the Fe-N (imidazole) stretching mode in the low frequency Raman (Fig. 5) . As previously reported for the human HO-1 H25A proximal mutant, the reappearance of the Fe-N (imidazole) stretching frequency in the H20A Hmu O proximal mutant coincides with the recovery of the catalytic conversion of verdoheme to biliverdin (Scheme 1) (40) .
In the absence of exogenous imidazole, the reaction of the heme-H20A Hmu O complex in the presence of NADPH/cytochrome P450 reductase yields a spectrum indicative of a ferrous verdoheme complex, suggested by the band at 650 nm in the electronic absorption spectrum (Fig. 6B) , in close agreement with that previously reported for the ferrous verdoheme-CO complex (39) . In contrast, five-coordinate ferricverdoheme complexes have a band at 690 nm (41) . The heme-H20A Hmu O reaction, however, terminates at the level of the ferrous-verdoheme complex and does not proceed to the final product biliverdin, as observed in the wild type enzyme.
Previous studies on the H63M mutant of cytochrome b 5 have shown the protein is capable of carrying out the coupled oxidation of heme (42) . The reaction was arrested at verdoheme and did not proceed to give biliverdin. The formation of verdoheme rather than biliverdin was proposed to arise from the formation of a six-coordinate His-Met ferrous verdoheme complex. It has previously been shown in coupled oxidation reactions that ligands binding both the fifth and sixth coordination sites with high affinity inhibit the reaction from verdoheme to biliverdin (21) . This is consistent with inhibition of ferrous-verdoheme conversion to biliverdin by CO, supporting the fact that only five-coordinate verdoheme complexes are capable of undergoing further oxidation to biliverdin (43) . It is possible that the ferrous verdoheme complex in the H20A-Hmu O mutant is due to bis-coordination, with the sixth ligand coming from a protein-donated residue (histidine or methionine), or from CO released as a consequence of oxidative cleavage. Further studies on the coordination and spin-state of the ferrous verdoheme-H20A Hmu O complex by resonance Raman and MCD are currently under way.
The regiospecificity of the initial meso-hydroxylation in the H20A-Hmu O is retained, suggesting the proximal ligand is not essential in orienting the heme for selective hydroxylation of the ␣-meso-carbon. This is in agreement with the recent three dimensional structure of the human HO-1 in which propionate charge interactions have been identified as being critical in orienting the heme, and specifically the ␣-meso carbon, for selective hydroxylation (33) . The apparent differences between the reactivity of the bacterial Hmu O and mammalian heme oxygenases may not be intrinsic to the proximal ligand, but to the protein's ability to bind the heme so as to allow interactions with critical residues or factors on the distal face required for activity. In this respect the proximal His in Hmu O is not essential for binding but may play a role in anchoring the heme in an orientation for optimal reactivity. The subtle difference between the active sites of Hmu O and the mammalian heme oxygenases has been eluded to in recent work, where the distal environment responsible for the acid-base HS to LS has a higher pK a than that previously reported for the mammalian enzymes (25) . The different reactivity observed between the C. diphtheriae Hmu O and the mammalian heme oxygenase enzymes awaits further mechanistic and structural characterization of Hmu O.
